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PREFACE
Program Objectives •
The overall objective of this investigation is to establish, the cost
benefits of using LANDSAT on an operational basis in the surveillance and
control of lake eutrophication. This objective is accomplished by supporting,
with LANDSAT data products, bona fide users who will evaluate the data's
usefulness to on-going programs concerned with the classification and control
of lake eutrophication. The products supplied to the users will be made as
applicable as possible to their data needs. The following therefore, are
specific objectives to be addressed:
1. To identify the data requirements of the users and to relate
these to LANDSAT data with respect to land-water categories,
detail, scale, and frequency.
2. To identify water quality parameters which relate directly to
eutrophication and to determine quantitative levels of these
parameters by which lakes may be categorized as to trophic
state.
3. To identify land-use patterns which relate to trophic state.
4. To develop and apply LANDSAT data imaging and interpretation
techniques to categorize water and land-use features identified
in order to produce information products of value to users.
Scope of Work
This investigation is supplying LANDSAT-derived information pro-
ducts to three federal and state agencies which are involved in the planning
and management of lakes and watershed land use in the Great Lakes basin.
Support is provided to the Environmental Protection Agency water quality
survey and modeling study of lake eutrophication in Saginaw Bay; the State
of Michigan Department of Natural Resources Survey of inland lakes and water-
sheds for the purpose of assessing the degree of eutrophocation in these lakes
and the potential for further enrichment and pollution due to land-use practices;
and the State of Wisconsin Department of Natural Resources lake survey to
determine eutrophication status, causes, effects, and control treatments.
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For each of these three programs, this investigation is analyzing and inter-
preting LANDSAT data to provide the three user agencies with land-use and
lake water quality information about their specific test areas. The usefulness
of LANDSAT data to each type of study and the cost benefits of its use over
alternative data collection systems is being evaluated.
I
Conclusions
Chemical and biological water quality data collected June 3, 1974 at
27 stations within Saginaw Bay, Michigan, in concert with a LANDSAT over-
flight, have been processed to enable prediction of water quality in non-
sampled areas. Measurements included; temperature, secchi depth, con-
ductivity, chloride, chlorophyll a, sodium, potassium, magnesium, calcium,
total dissolved phosphorous, total kjeldahl nitrogen and total phosphorous.
When these were treated as dependent variables and LANDSAT measurements
as independent variables, and processed with a stepwise linear regression
analysis, all but one parameter had correlation coefficients greater than that
for the 95% level of significance.
Two recently completed investigations, for the Ohio-Kentucky-Indiana
Regional Council of Governments (greater Cincinnati area) and the Triangle J
Council of Governments (Raleigh, Durham and Chapel Hill, North Carolina
area), demonstrate that successful land-cover map products can be rapidly
produced from LANDSAT for less than a cent an acre. The distribution of
urban (high, medium and rural-low density development), agricultural-
grassland (cropland, pasture land, and tended grass cover), forest (upland
and lowland hardwoods, pine, and mixed), and a variety of water categories,
were mapped. Color coded map overlays, one per land-use category, color
coded composite maps, percent-category-per-watershed-area tables, and
rescanned and resampled computer tapes provided accurate inventory bases.
This land-cover information is being combined with data on soils, rainfall,
topography, cropping management and conservation practices to develop
estimates of sediment and nutrient flows within regional watersheds.
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1. REVIEW OF PROGRAM AND RESULTS
This section reports on the work accomplished and results achieved
during the third three month period of a program to establish the cost
benefits of LANDSAT for the surveillance and control of lake eutrophication.
To accomplish this goal, LANDSAT data products are being generated to
support the Environmental Protection Agency (EPA) modeling study of lake
eutrophication in Saginaw Bay; the State of Michigan's survey of inland lakes
and watersheds for the purpose of assessing the effects of watershed land
use on lake water quality; and the State of Wisconsin's lake survey to de-
termine eutrophication status, causes, effects, and control treatments.
These user agencies are providing, at no cost to NASA, user needs
which include desired data formats, data timeline requirements (i.e., how
fast data are needed and how long it maintains its value before update is
needed), and data accuracy requirements (i.e., geometric and classification
accuracy). These agencies are also providing detailed ground truth on water
quality and watershed land use in conjunction with LANDSAT overflights and
are participating in studies and evaluations to determine the usefulness and
cost benefits of the LANDSAT data products.
The remainder of this section is subdivided to report on the work ac-
complishments and results achieved to support the on-going water quality
programs of the three user agencies.
1. 1 SUPPORT FOR THE EPA STUDY OF WATER QUALITY IN SAGINAW
BAY
Coordination meetings were held with the EPA in order to review
LANDSAT data requirements and to develop plans to provide the needed air-
craft and LANDSAT support.
The EPA is sponsoring a 36-month study of water quality in Saginaw
Bay, which will terminate in June 1976. Important goals of this study are
to describe, on a seasonal basis, the circulation and water masses in
Saginaw Bay; to monitor inputs of nutrients from its watershed; and to de-
velop and evaluate models for predicting water quality in the bays as a function
of various control strategies.
To achieve these goals, the EPA is using LANDSAT data products
produced by this investigation and surface/sub surface measurements obtained
by the Cranbrook Institute of Science, under the direction of Dr. V. Elliott
Smith (LANDSAT Co-Investigator). The surface measurement program has
been underway since April of 1974. From each of 59 stations distributed
over Saginaw Bay, some 30 water quality parameters are derived on an
18-day cycle that coincides with the LANDSAT overflights. On 1 April
1975, this measurement program was shifted from the LANDSAT-1 to the
LANDSAT-2 schedule.
The first clear LANDSAT scene of the bay, coincident with surface
measurements at the bay stations, was a 3 June 1974 scene. Techniques
used in the computer processing of this scene and the results achieved were
reported in the first Type II report. Of particular importance was the demon-
stration of a technique for editing LANDSAT measurements using the latitudes
and longitudes of bay stations having known (measured) water quality param-
eters. At the time of the initial processing effort, the only parameter fully
reduced for all bay stations which is a good indicator of turbidity was Secchi
depth. Consequently this initial processing effort resulted in a geometrically-
corrected color-coded image of Saginaw Bay showing nine discrete colors
(categories) of turbidity, as indicated by nine Secchi depths between 0. 3 and
3. 3 meters.
To determine further relationships between LANDSAT measurements
and water quality parameters the 3 June 1974 measurements from 27 bay
stations of known chemical and biological parameters were edited and
processed by a stepwise linear regression program. The water quality
parameters included; temperature, secchi depth, conductivity, chloride,
chlorophyll a, sodium, potassium, magnesium, calcium,total dissolved
phosphorous, total kjeldahl nitrogen and total phosphorous. When these
parameters were treated as dependent variables and LANDSAT measure-
ments as independent variables all but one water quality parameter had
correlation coefficients greater than that for the 95% level of significance.
The regression correlation coefficients varied from 0. 99 for total phosphorus
to 0.72 for chlorophyll a corrected. Five of the.water quality parameters
were best correlated with LANDSAT Band 6 alone. One parameter, tem-
perature, related to Band 5 alone and only two bands were justified for
mapping the remaining six parameters.
The regression analysis program applied to the 3 June 1974 LANDSAT
data will be applied to 31 July 1975 data in order to include additional water
quality parameters, determine whether similar correlations exist for dif-
ferent time periods, examine effects of atmospheric parameters, and to
evaluate procedures to compensate for atmosphere if necessary. Color-
coded (categorized) imagery will also be produced using the regression
equations to provide a synoptic image of the various water quality param-
eters, their distribution, and circulation within Saginaw Bay.
1. 2 SUPPORT FOR MICHIGAN'S SURVEY OF INLAND LAKES AND
WATERSHEDS
To review the State of Michigan program, the Michigan Department
of Natural Resources (DNR) is committed, under the State Federal Water
Pollution Control Act (Act 92-5000), to a state-wide survey of public lakes
and their watersheds for the purpose of assessing the degree of eutrophication
in these lakes and the potential for further enrichment and pollution resulting
from land-use development in the watershed. A requirement of the DNR pro-
gram, as well as programs of other governmental agencies concerned with
the maintenance and control of water quality, is to develop a knowledge of
the interrelationships between the water quality parameters (turbidities,
chlorophyll concentrations, etc. ) and watershed land-use parameters (cate-
gories and coverage).
To obtain the needed information, the Michigan DNR has selected 19
test lakes whose watersheds contain various levels of urbanization. LANDSAT
data acquired on July 30, 31, and August 1, 1975 will be used to inventory
land cover within these watersheds. The land cover mapped by LANDSAT
will be correlated with lake water quality measurements obtained by the
DNR and the University of Michigan Biological Station. LANDSAT capability
to map water quality parameters directly as done for Saginaw Bay will also
be investigated.
Two recently completed investigations, for the Ohio-Kentucky-Indiana
Regional Council of Governments (greater Cincinnati area) (Appendix B) and
the Triangle J Council of Governments (Raleigh, Durham and Chapel Hill,
North Carolinaarea) (Appendix C), demonstrates LANDSATs capability to
inventory watershed land-use and the techniques that will be used for the
Michigan inventory. The distribution of urban (high, medium and rural-low
density development), agricultural-grassland (cropland, pasture land,
and tended grass cover), forest (upland and lowland hardwoods, pine,
and mixed), and a variety of water categories, were successfully mapped
from LANDSAT data. Of particular importance is the technique for digi-
tizing boundaries of watersheds from maps and extracting computer tabu-
lations from these zones from the processed LANDSAT tapes. Color
coded map overlays, one per land-use category, color coded composite
maps, percent-category-per-watershed-area tables, and rescanned and
resampled computer tapes provide the planner with accurate inventory
bases. The land cover inventory data is combined with data on soils,
rainfall, topography, cropping management and conservation practices
to develop estimates of sediment and nutrient flows in the drainage areas.
1. 3 SUPPORT FOR WISCONSIN'S SURVEY OF INLAND LAKES
As noted earlier, the Wisconsin DNR is also attempting to develop a.
method of lake classification by trophic level, as required by Section 314
of Federal Water Pollution Control Act Amendments (1972). Accordingly,
the Wisconsin DNR is evaluating the utility of LANDSAT data products
directed towards this goal.
The second Type II report described the techniques used by this
investigation to categorize several hundred lakes in the Madison and Spooner,
Wisconsin area for tannin and non-tannin waters and for the degree of algae,
silt, weeds, and bottom effects present. The results of this categorization
effect is being evaluated. When the lakes are categorized as having living
algae or weeds, their concentration is related to the enrichment of eutrophi-
cation of the lake.
2. SIGNIFICANT RESULTS
(a) Computer techniques developed for mapping water quality parameters
from LANDSAT data were demonstrated, using ground truth collected in an
ongoing survey of water quality in Saginaw Bay (Lake Huron), Michigan
sponsored by the US Environmental Protection Agency. Chemical and
biological parameters were collected at 27 bay stations in concert with
LANDSAT overflights. Application on stepwise linear regression to 12 of
these parameters and corresponding LANDSAT measurements resulted in
relationships that can be applied to map any one of the 12 water quality
parameters over the entire bay. The regression correlation coefficients
varied from 0. 99 for total phosphorus to 0. 72 for chlorophyll a corrected.
Five of the water quality parameters are best correlated with LANDSAT
Band 6 alone. One parameter, temperature, relates to Band 5 alone and
only two bands are justified for mapping the remaining six parameters.
(b) LANDSAT CCTs were used as a basis for inventorying land use within
each of the Ohio-Kentucky-Indiana Regional Commissions, 225 drainage areas,
and nine counties. Computer tabulations were produced to obtain the area
covered by each of 16 land-use categories within 225 drainage areas. The
16 categories were merged into ten categories and mapped at a scale of
1 in. =5, 000 ft, with detail to 0. 44 hectares for the 2, 700 sq. mi. region.
These products were produced in less than 90 days, at a cost of one cent an
acre. It is not uncommon to find single counties spending this much to map
similar categories within a much smaller area.
(c) LANDSAT CCTs were used as a basis for inventorying land cover
within the Triangle J Council of Governments 1,750 square mile 208 study
area. Ten land cover categories were interpreted for the study area at a
detail of 0. 44 hectares (1. 1 acres) and included 3 urban density categories,
4 forest types, agricultural-managed lands, bare soil-construction sites,
and water. The resulting products included color-coded overlays for each
of the 10 categories for a 1:96, 000 scale base map, a color composite map
of the same categories and scale, and a computer tape containing 54 quadrangles
(7. 5 minute) where each 50 meter grid cell was coded as to the ten land cover
types. This taped data is being aggregated into 4 nectar (about 10 acres) grid
cells and merged with soils and slope data to compute sediment and nutrient
flows in the drainage areas. The complete inventory was accomplished within
a period of 60 days at a cost of about one-half a cent per acre, a significant
improvement in dollars and time over previously reported efforts.
3. PROBLEMS
No problems are impeding this investigation.
4. RECOMMENDATIONS
None
5. PUBLICATIONS
None
6. FUNDS EXPENDED
Total expenditures through 9 November of 1975 are $48,812.
7. DATA USE
A tabulation showing the total value of the data allowed and received
through 29 October 1975 follows:
Value of Data Value of Data Value of Data
Allowed Ordered Received
$5,550 $2,867 $2,867
8. AIRCRAFT DATA
By prior arrangement with NASA Johnson Space Center in Houston,
supportive M^S and photographic coverage of the test areas in Michigan was
flown on August 18 (Flight No. 2, Mission 317). On this flight two of the
MSS channels, 5 and 6, were out, and there was substantial cloud cover
over almost all of the test lakes and/or their watersheds. The HDDT for
this flight has been received. The mission has been rescheduled for mid-
Summer of 1976.
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ABSTRACT
Computer techniques developed for mapping water quality
parameters from LANDSAT data are demonstrated, using ground
truth collected in an ongoing survey of water quality in Saginaw
Bay (Lake Huron), Michigan sponsored by the US Environmental
Protection Agency. Chemical and biological parameters were
collected at 27 bay stations in concert with LANDSAT overflights.
Application of stepwise linear regression to 12 of these para-
meters and corresponding LANDSAT measurements resulted in
relationships that can be applied to map any one of the 12 water
quality parameters over the entire bay. The regression corre-
lation coefficients varied from 0. 99 for total phosphorus to
0.72 for chlorophyll a corrected. Five of the water quality
parameters are best correlated with LANDSAT Band 6 alone.
One parameter, temperature, relates to Band 5 alone and only
two bands are justified for mapping the remaining six parameters.
. 1. INTRODUCTION
In response to environmental requirements for large area surveillance of water quality and
watershed land use, NASA's LANDSAT-2 investigation is establishing the cost benefits of LANDSAT
to the surveillance and control of lake eutrophication in the Great Lakes Basin. To accomplish this
objective, LANDSAT data products are being generated to support: the US Environmental Protection
Agency (EPA) modeling study of eutrophication in Saginaw Bay, the State of Michigan's survey of
inland lakes and watersheds for the purpose of assessing the effects of watershed land use on lake
water quality; and the State of Wisconsin's lake survey to determine eutrophication status, causes,
effects, ami control treatments. One goal of this work is to determine which water quality para-
meters bust correlate with LANDSAT measurements. This paper reports on preliminary results
directed towards this goal using water quality parameters and LANDSAT data acquired 3 June 1974
on the Saginaw Ba- test area.
Several institutions and federal agencies in the United States and Canada are conducting a
comprehensive survey of water quality and circulation in Lakes Huron and Superior (the Upper
Lakes Reference Study, a part of the United States/Canadian Great Lakes Water Quality Agreement
of 1972). In Saginaw Bay (Lake Huron), EPA is sponsoring a 36-month modeling study of water
quality. EPA's program will develop a deterministic model that -will describe water quality changes
within the bay and their relationship to enrichment and pollution caused by man. The resulting
model wall be used to evaluate various strategies to control nutrient flow into the bay. Important
goals in this project are to describe, on a seasonal basis, the circulation and water quality in
Saginaw Bay, to monitor inputs of nutrients from its watershed, and, ultimately, to develop and
evaluate models for predicting water quality in the bay as a function of various control strategies.
A number of investigators have recently reported on the feasibility of determining various
water quality parameters from LANDSAT data. Klemas (Ref. 1)* has used Secchi depth and sus-
pended sediment measurements as correlated with Band 5 image radiance to map turbidity and
circulation patterns in Delaware Bay. Yarger (Ref. 2) has processed multidate digital data for
reservoirs in Kansas to study the effects of sun angle change, and the 5/4, 6/4, and 7/4 band
ratios to predict suspended solids (ppm) at unsampled areas from ground truth samples. Johnson
(Ref. 3) has applied the equations for predicting suspended sediment derived from step wise regres-
sion analysis of ground truth data from Delaware Bay to image data for Chesapeake Bay, and has
found reasonable agreement with ground truth measurements for Chesapeake Bay.
This LANDSAT-2 investigation has reported (Ref. 4) on the applications of a supervised com-
puter processing technique to produce geometrically corrected color-coded imagery of Saginaw Bay
where the imagery shows nine discrete categories of turbidity, as indicated by nine Secchi depths
between 0. 3 and 3. 3 meters. This work was limited to the consideration of the Secchi depth para-
meter as an indicator of turbidity and the application of the supervised processing technique to
correlate the Secchi depth parameter to the LANDSAT measurements. This paper considers
Secchi depth and 11 additional water quality parameters and their relationships to LANDSAT meas-
urements as established by a "stepwise linear regression" program (Ref. 5).
Mapping nine Secchi depth ranges or any other water quality parameter by a supervised
technique requires: subdividing the parameter of interest into discrete categories (i.e., nine
Secchi depth ranges), locating and editing LANDSAT measurements (training measurements) cor-
responding to each category and applying the training measurements to categorize other LANDSAT
picture elements ("pixels"). This technique is well established and is by far the most efficient
procedure for mapping land-cover categories, i.e., urban, grassland, bare soil, water, etc.,
where the spectral characteristics of the categories are very different (uncorrelated). The appli-
cation of this same processing technique to mapping the amount or concentration of a continuous
water quality parameter, i.e., temperature, Secchi depth, chlorophyll concentration, etc., may
not be justified as better estimates of the parameter may be obtained with less effort by a simpler
technique. If a continuous equation can be established between the parameter and LANDSAT, e.g.,
the equation of a straight line with one independent and one dependent variable, then its solution
would provide many more estimates of the desired parameter than would be practical by the super-
vised technique, which requires a training set for each discrete value of the parameter. This
paper investigates this possibility by applying a stepwise linear regression program to 12 water
quality parameters (Table 1) and LANDSAT measurements (Table 1) observed on 3 June 1974 at 27
stations in Saginaw Bay.
2. TEST AREA
Saginaw Bay is a shallow extension of Lake Huron and is bounded by five counties of south-
eastern Michigan (Figures 1 and 2). The bay has an area of some 2, 960 km^ and a maximum
length and width of 82 km and 42 km, respectively. The mean depths are 4. 6 m for the inner bay
and 14. 6 m for the outer bay. The Saginaw River enters the bay at its extreme southwestern end
'-References, tables, and fipures are located at the end of this paper.
and contributes approximately 90% of the pollutants found in the bay (Ref. 6). This river and its
tributaries drain a watershed of more than 16,060 km^, which contains four major cities and much
agricultural land. Consequently, inputs of salts, nutrients, and pollutants to the bay have been
increasing for many years. Levels of turbidity and algal production are consistently high,
especially within the inner bay. Major declines in commercial fish yields, wildfowl populations,
and esthetic values have resulted from this eutrophication. The natural movement of pollutants
from the bay into southern Lake Huron may reduce water quality throughout the lower. Great Lakes
as well. While circulation within the bay is highly wind-dependent, the pattern is generally
counterclockwise. Clear Lake Huron water enters mainly along the western shore; turbid bay
water exists along the eastern shore. Significant but unknown quantities of sediment are resus-
pended regularly by wave action. The lower two-thirds of Saginaw Bay usually freezes over dur-
ing January and February. These and other characteristics of Saginaw Bay have been documented
by Freedman (Ref. 6).
3. GROUND TRUTH PROGRAM
The EPA measurement program in Saginaw Bay is creating & data bank of water quality
information that will be used to develop and test models of circulation, nutrient loadings, and
algal productivity. Since April 1974, surface and subsurface measurements have been obtained
at the 59 bay stations shown in Figure 2, at 18-day intervals coinciding with LANDSAT overflights.
The first clear LANDSAT scene of the bay, coincident with surface measurements at the bay
stations, was the 3 June 1974 scene in Figure 1. On both the day of the survey and the preceding
day, water conditions such as circulation within the bay were stable, i.e., not wind-driven. The
corresponding cruise tracks of the survey vessels obtaining measurements at the bay stations are
shown in Figure 2. Typically, as in this 3 June mission, the western half of the bay (containing 31
stations) is sampled within a period of 3 hours before and 8 hours after a LANDSAT overflight.
The remaining 28 stations are sampled on the following 2 days. LANDSAT measurements from
27 of the 31 bay stations monitored on 3 June were used in this investigation.
On-site measurements at each bay station include: temperature, pH, dissolved oxygen,
conductivity, alkalinity, and water clarity. Clarity is indicated by Secchi depth and percent trans-
mittance measurements. Variables measured in the laboratory include: soluble nutrients
(nitrate-nitrite, orthophosphate, sulfate, silicate, and ammonia), organic materials (nitrogen,
phosphorus, carbon, and chlorophylls), chloride and metals (sodium, potassium, calcium, mag-
nesium, and six trace metals), and total suspended solids. Enumerations of phytoplankton and
zooplankton are also made. Coordinated studies of current patterns, nutrient inputs, and bottom
fauna are also underway by EPA.
4. COMPUTER PROCESSING OF LANDSAT DATA
The LANDSAT Computer-Compatible Tapes (CCTs) for this investigation were processed on
the Bendix Multispectral Data Analysis System, M-DAS (Ref. 4). Three major processing steps
were involved: (1) transforming the locations of the bay stations from navigation charts to
LANDSAT CCT coordinates, (2) extracting the LANDSAT digital measurements from the CCTs for
each of 27 bay station areas, and (3) applying stepwise regression to the water quality parameters
and LANDSAT measurements derived from each bay station area.
Earth-to-LANDSAT Coordinate Transformation
Three basic steps were involved in the automatic referencing of .ground coordinates to LAND-
SAT coordinates. The first step consisted of automatic retrieval of the latitude and longitude of
carefully selected ground control points (GCPs) from a map through a digitizing process. The
criteria for selecting these GCPs is that they can be easily and accurately identified on LANDSAT
imagery. The second step consisted of converting the latitude and longitude of these GCPs to
LANDSAT coordinates by using a theoretical transformation derived from known and assumed
spacecraft parameters including: heading, scan rate, altitude, and a knowledge of earth rotation
parameters. The LANDSAT coordinates and transformation matrices thus obtained are approxi-
mate, based on the use of the nominal spacecraft parameters. The approximately derived
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LANDSAT coordinates and transformation are used, however, to identify the actual LANDSAT
coordinates associated with the GCPs. To accomplish this, the coordinates of a GCP are input to
the Bendix M-DAS. The approximate transformation computes the LANDSAT coordinates and
displays the area on the TV monitor. Positional errors of the GCPs displayed to the operator are
designated by a cursor to the computer, which uses the error measurement to derive an improved
set of coefficients for the transformation matrix. This procedure is repeated on additional GCPs
until the desired geometric accuracy is achieved. This investigation used 20 GCPs within the
LANDSAT scene. The resulting bay station coordinates were transformed to LANDSAT coordi-
nates with an accuracy of better than one picture element (pixel). A LANDSAT pixel corresponds
to an area of 57 m x 79 m (0.44 hectares).
Extraction of Station Area Digital Characteristics
The M-DAS TV monitor was used to display the single pixel best corresponding to each bay
station location. A cursor was then positioned, expanded, and shaped by the operator about each
station site to designate a station area of 40 to 50 pixels in size. For some stations near coastal
features, piers, or jetties, considerably fewer pixels were designated (Table 1). Once the sta-
tion areas were designated, the M-DAS computer extracted the measurements from all pixels
defined by the cursor and calculated the mean digital count in each band (Table 1). For the table
shown, the digital counts from the standard LANDSAT CCT have been multiplied by two in Bands
4, 5, and 6 and by four in Band 7. The mean values of the digital counts in each LANDSAT band
for each bay station were then stored in a disk file for use in the regression analysis.
Step wise Regression Analysis
The LANDSAT measurements stored on the disk file were used in a stepwise linear regres-
sion program (Ref. 5) to investigate relationships between the LANDSAT measurements and each
of 12 water quality parameters. The stepwise regression procedure first determined which single
independent variable (one of the four LANDSAT bands) provided the best statistical correlation with
the dependent variable (one of the water quality parameters). In successive steps, a second inde-
pendent variable was added, if necessary, to improve the multiple correlation.
5. STATISTICAL RESULTS
The statistical results of the stepwise regression analyses are summarized in both tabular
and graphical form at the end of the paper.
Part of the results of the regression analyses are presented in Table 2, which is best
explained by reviewing the first row. If temperature in °C is considered as the dependent variable,
then the best single independent variable is LANDSAT Band 5. The results for only one step of
the regression are reported in this case, indicating that the correlation coefficient is not signifi-
cantly improved by the addition of other bands. The regression correlation coefficient is a meas-
ure of the fit of the regression equation to the data with a maximum value of unity. The standard
error of estimate has the same units as the dependent variable, in this example °C, and is the
statistical standard deviation. Approximately 68% of the measurements are expected to be within
one standard deviation of the mean. The estimated percent inaccuracy of the regression equation
is 3.8% (standard error of estimate of 0. 6759°C divided by mean temperature of 17.73°C).
The constants and coefficients for each of the 12 regression equations are shown in Table 3.
For example, temperature may be predicted as follows:
Temperature (°C) = 13. 186 + 0. 157 (Band 5 digital count)
It should be pointed out that LANDSAT is not measuring temperature directly as temperature
does not change the color or volume reflectance of the water, which LANDSAT measures directly.
In June, however, Saginaw River water is effectively labeled by temperature as well as by tur-
bidity and other chemical and biological factors.
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. Figure 3 presents graphs for six water quality parameters that have been determined to be
best predicted by only one independent variable or LANDSAT band. Each plot shows the N sample
points, the regression line and equation, and the regression correlation coefficient.
Figure 4 includes six examples of the 12 possible graphs which permit a visual evaluation of
the overall fit of the regression equations. The regression equations and the appropriate samples
and band(s) counts shown in Table 1 were used to arrive at predicted values of each water quality
parameter. These predicted values were in turn plotted versus the measured values. If the
regression equation resulted in a perfect correlation, then all points would fall on the 1:1 line.
6. DISCUSSION
Perhaps the most significant finding of this investigation is that Band 6, rather than either
Band 4 or 5, is the single most important band for the prediction of almost all of the water quality
parameters. Both Yarger (Ref. 2) and Johnson (Ref. 3) also found this to be true in Kansas
reservoirs and Chesapeake Bay, respectively. It is suggested that atmospheric haze degrades the
correlations in the two visible bands, 4 and 5.
Five of the six graphs shown in Figure 3 show a fairly even scatter of points both above and
below the regression line. This suggests that, for these variables, a linear regression is suffi-
cient to predict the water quality parameter plotted. The plot of temperature versus Band 5 counts
shows a systematic departure of points from the straight line. If the straight line were used to
estimate temperature from Band 5 counts, a large error would be incurred for temperatures
below 17°C. Thus, it appears that a curve rather than a straight line should be used for this
parameter.
Figure 4 permits a somewhat improved comparison between variables. It should be noted
that both temperature and Secchi depth depart from the 1:1 line in a noticeably curvilinear pattern
as explained above. Furthermore, the plot for chlorophyll a (corrected) has been included as an
example of the poorest correlation fit of all 12 parameters, as is also indicated in Table 2.
Although the water quality parameters investigated here have been treated individually so
far, there are apparent correlations between the parameters themselves. Table 4 presents the
correlation coefficients for all parameters at 59 stations in Saginaw Bay during the second quarter
of 1974. Although these relationships vary seasonally, some pairs of parameters consistently are
well correlated. For example, distributions of the four major metals with chloride are highly
correlated throughout the year. Thus, with a table such as this one, it may be possible to isolate
the subset of water quality parameters whose distribution may be mapped or modeled as a unit.
The significance to water quality of each parameter measured in Saginaw Bay varies with
the location and season. In general terms, however, the following applies to the June 1974 data.
Temperature (also chemical and biological) gradients in the bay during the spring reflect the mix-
ing of eutrophic Saginaw River water with oligotophic (and cooler) Lake Huron water. Thus, tem-
perature may be used coincidentally to discriminate between waters of markedly different quality.
Secchi depth estimates are used to approximate water transparency as affected by suspended par-
ticles and solutes. Chlorophyll a is also an approximate indicator of living algal biomass. Con-
ductivity, which varies directly with the concentration of dissolved ions, is generally high in
eutrophic or polluted waters. Similarly, chloride is used here as a conservative tracer of enriched
Saginaw River water. The major metals (sodium, potassium, calcium, magnesium) are also
important as principal ions derived partly from urban and agricultural pollution. Finally, the
organic forms of phosphorus and nitrogen (TP, TDP, and KN) are major nutrients, derived largely
from pollution, that stimulate algal productivity in Saginaw Bay.
As this investigation proceeds, it will seek to: (1) determine if data on suspended solids,
which were lacking in 1974 but have been collected since April 1975, provide a better basis than
Secchi depth for categorizing water masses using LANDSAT data, (2) determine if the use of a
nonlinear regression analysis improves the correlations, (3) determine if the correlations can be
improved by the use of one or more of the six nonredundant band ratios (such as 6/4, or 7/6, etc. )
as the independent variables in the stepwise regression analysis, rather than single bands, so as
to oirrrrt Tor local u rnd ien t s in atmospheric haze, (4) analyze data from the remaining stations
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'taken during the 2 days following the overpass to see how well they correlate, (5) determine the
feasibility of using the regression equations as a means to produce color-categorized maps of the
bay where each map would show a different water quality parameter and the color would denote its
concentration or level, and (6) to determine if the regression equations can be applied to analyze
LANDSAT data acquired at a different date to predict water quality parameters that agree with
those obtained by boat on the same day. •
7. CONCLUSIONS
LANDSAT digital data and ground truth measurements for Saginaw Bay (Lake Huron),
Michigan, for 3 June 1974 can be correlated by stepwise linear regression technique and the
resulting equations used to estimate "invisible" water quality parameters in nonsampled areas.
The correlation of these parameters with each other indicates that the transport of Saginaw River
water can now be traced by a number of water quality features, one or more of which are directly
detected by LANDSAT. Five of the 12 water quality parameters studied are best correlated with
LANDSAT Band 6 measurements alone. One parameter (temperature) relates to Band 5 alone and
the remaining six may be predicted with varying degrees of accuracy from a combination of two
bands (first Band 6 and generally Band 4 second).
Water quality parameters mapped from the linear regression equations should indicate which
water quality parameter(s) is most reliable as a tracer to identify Sagina-w River water as it cir-
culates throughout the bay and is diluted by Lake Huron water. The resulting regression equations
can be used to predict the levels of water quality parameters throughout the bay, given the appro-
priate LANDSAT measurements. These parameters need not be directly detectable by LANDSAT,
provided their distribution is correlated with some water characteristic that is detectable. The
predicted values for each •water quality parameter could be displayed on a TV monitor and color-
coded and mapped onto film. Thus, LANDSAT monitoring, as an adjunct to conventional point-
sampling, would provide an economical basis for extrapolating water quality parameters from
point samples to unsampled areas and provide a synoptic view of water mass boundaries that no
amount of point sampling could provide.
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TABLE 2. RESULTS OF STEPWISE REGRESSION ANALYSIS
Dependent
Variable
Temperature
Secchi Depth
Conductivity
CMoridi
a, (Corrected)
Sodium
Potassium
Magnesium
Calcium
Total DmoNed
Ftiotpnonis
Total KieldaM
Nitrogan
Total Phosphorus
Unit*
°C
m
Micjomhoe
mart
M»/I
mart
mg/l
m«n
mo/I
mo/I
ma/I
mg/l
Ragrattion
Stap
1
1
I
1
1
1
2 !
1
1
2
1
2
1
2
1
1
1
2
Independent
Variable Added
(LANOSAT Band)
5
6
7
6
6
6
4
8
6
4
6
4
6
4
•
6
6
4
flegreuion
Vinlbl*!
ILANOSAT Bands)
6
8
e.7
6,4
0.4
6
6.4
6
6.4
6
6
6
6.4
Standard
Error of
Estimate
0.6759
a 3839
03890
115.130
180.578
18.715
14.905
8.5521
0.9698
a/737
Z4170
1.4331
44.9092
11.0380
0.0121
1
ai429
!
0.0225
0.0155
Percent
Inaccuracy
3.8
38.9
27.7
27.2
50.4
83.2
68.2
48.0
37.6
sao
18.4
10.9
24.1
18.0
35.3
1
27.9
21.5
14.8
Regraeuon
Correlation
Coefficient
asi9
a791
ft 892
0.817
a 829
0.459
0.721
0.785
0.772
a 876
0.816
0.945
0.808
0.909
0.926
a912
a972
a9B8
TABLE 3. CONSTANTS AND COEFFICIENTS FOR REGRESSION EQUATIONS
Dependent
Variable
Temperature
Siocni Depth
Conductivity
Chloride
Chlorophyll
Sodium
AotMUURI
Magnesium
Cafctum
Total Dbaolved
Phoephorus
Total KieUahl
Nitrogen
Total Photphorui
Unitt
<>C
m
MKromhoe
mo/I
ugfl
mo/I
mg/l
mg/l
mg/l
mg/l
mo/I
ma/I
Coratant
13.186
3.370
-143.269
-655.378
99.388
-24.324
2.534
14.240
57.668
•0.0472
-OJ58
0.246
LANDSAT Coefficienti
Band 4
-2.873
-0.111
•0.350
-1.647
-0.010
BandS
0.1S7
Band6
-0.230
34.762
56.450
3.631
2.393
0.315
0.925
5.439
0.0044
0.047
0.019
Band 7
a 339
TABLE 4. CORRELATION COEFFICIENT MATRIX OF WATER QUALITY PARAMETERS
FOR SAGINAW BAY, APRIL 1 - JUNE 30, 1974 (REF. 7)
Temperature (Tl
CM Depth (SD)
Conductivity (CON)
Chloride (d)
CMofOphyfl i (CK-D
Sodhnn(Na)
•otanhunlK)
Magnesium (Mg)
Calcium (Ca)
Tool Ottaotmd Phmphorui (TOP)
Total KjeldaM Nitrogan (TKN)
Total Phosphorus (TP)
1.000
•.179 1.000
.304 -.470 1.000
.251 -.466 .968 1.000
.223 -.446 .733 .784 1.000
.324 -.468 .962 .973 .689 1.000
J01 -.500 .960 .940 .752 .933 1.000
.372 -.586 .921 .920 .760 .879 .917 1.000
.326 -.534 .942 .927 .751 .900 .940 .916 1.000
314 .158 .558 .077 .208 .683 .563 .609 .811 1.000
.285 -.484 .604 .617 .680 .683 .746 .736 .725 .276 1.000
.289 -.506 .609 .523 .531 .617 .649 .677 .689 .616 .485 1.000
SO CON Cl CH-i Na Mg TOP TKN TP
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Figure 1.
LANDSAT Image (1680-
15455, Band 5) of Lower
Saginaw Bay Area for
June 3, 1974
Figure 2.
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Figure 3. Water Quality Parameter Versus LANDSAT Measurements with
Regression Line for Most Significant Single LANDSAT Band.
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Figure 4. Predicted Versus Measured Values of Water
Quality Parameters.
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ABSTRACT
As part of the national effort to deal with water pollution, Section 208
of the Federal Water Pollution Control Act Amendments of 1972- provides
regional planning agencies with the opportunity and funding to undertake
regional water quality planning. A common requirement of the 208 pro-
gram is to develop a capability of predicting water quality in the rivers
and lakes resulting from existing and potential land-use patterns. To
achieve this capability, the Ohio-Kentucky-Indiana Regional Council of
Governments (OKI) is developing a deterministic model capable of pre-
dicting sediment and nutrient flow into the waterways. An essential
input to OKI's model is an accurate map of land use within the water-
sheds. This information was obtained by OKI through the machine pro-
cessing of LANDSAT-1 digital tapes. Computer tabulations were gene-
rated to obtain the area covered by each of 16 land-use categories with-
in 225 drainage areas. The 16 categories were merged into 10 catego-
ries and mapped at a scale of 1 inch = 5, 000 feet with detail to 0. 44
hectares (1. 1 acres) for the 2, 700-square-mile region. The map
products and data were produced within a period of less than 90 days
at a cost of $20, 000, a significant improvement in dollars and time
over conventional mapping techniques.
BACKGROUND
State and federal agencies are becoming increasingly alarmed over the
loss in water quality in many of our public lakes and rivers. Much of
this loss is a direct result of pollution generated by man and the in-
creased sediment and nutrient runoffs into the rivers and lakes result-
ing from urbanization and intensive agriculture in the watersheds. It
is now realized that our water resources are not inexhaustible. Land
development must be planned and conservation practices must be used
in connection with agricultural activities if the conflict between utiliza-
tion of our water resources and maintenance of the quality of our lives
is to be resolved.
To provide for this needed planning, the Federal Water Pollution
Control Act Amendments of 1972 created several programs to fight
water pollution. Under provisions of Section 208 of that act (EPA,
1974) regional planning agencies such as Ohio-Kentucky-Indiana (OKI)
Regional Council of Governments were given the opportunity and the
funding to undertake regional water quality planning. The new 208 pro-
gram (OKI 1974) differs from past HUD-financed water and sewer
planning in that this new EPA-administered program deals with all
sources of pollution, not just pollution from municipal sewerage sys-
tems. Other sources of pollution for which planning responsibility is
given are industrial discharges and what are termed "non-point"
sources. These non-point sources include stormwater runoff from
agricultural areas, urban runoff, erosion from construction sites,
and leachates from septic tanks.
A common requirement of the 208 programs and programs of other
governmental agencies concerned with the maintenance and control of
water quality is the development of a knowledge of the interrelation-
ships between the water quality parameters (suspended solids, total
nitrogen, total phosphrus and organic wastes) and land-use parameters
(land-use categories and coverage, etc. ).
To obtain this information, OKI has developed a deterministic model
capable of predicting water quality in rivers and lakes resulting from
existing and potential land-use policies. The inventory of present
land use together with population projections will provide OKI a basis
for developing maps of anticipated land-use patterns. Given a future
land use, the water quality model will be used to predict the impact
of future development on water quality.
This analysis together with other detailed work with point sources will
aid OKI in identifying critical areas where alternatives will have to be
developed to minimize any deleterious impact on water quality. This
may involve redirecting growth to other areas where the impact may
not be as severe, or changing the character of the growth to minimize
any harmful impact on water quality. The water quality plan will, in
effect, contain a significant land-use planning element. The 208 water
quality planning program will provide a rational basis for determining
land use policy, especially as the policies may relate to water quality.
Accurate water and land-use parameters are essential in the develop-
ment and application of the water quality model.
While many factors influence water quality, a dominating one is the
•use of land adjacent to and surrounding the lakes and rivers, the
"drainage areas. " During periods of rain or thaw, sediment and nu-
trients are washed directly into nearby water bodies. Each land-use
category has its own special characteristic (Ref. L)# which is impor-
tant in the calculation of the quantity and quality of storm-water runoff.
For example, urban lawns and streets discharge more nutrients, es-
pecially phosphorus, than do rangeland and forested land. Cropland
is often tilled in the spring when rainfall is heaviest and absorbs much
of the water, but erosion in the form of sediments, containing pesti-
cides and fertilizer, are washed into nearby streams. This differs
from what happens in a center city area where virtually all of the
ground is covered by pavement and buildings and little or none of the
water is absorbed into the earth. Instead, the water flows rapidly
into storm sewers, carrying with it dirt from streets and buildings.
To establish sediment and nutrient flows from the drainage areas into
the waterways, accurate information on drainage area land use is
essential. Land-use information presently available to planning agen-
cies is not adequate for water quality planning purposes. In almost
every case, agricultural and vacant land has been lumped into one
category labeled miscellaneous or undeveloped. Urban land uses often
are not identified (categorized) in terms usable for water quality plan-
ning. Also, most 208 program planning areas are extremely large.
The OKI Region covers 7, 024 sq km (2, 712 sq mi) and contains 225
drainage areas. For these reasons, OKI decided that the traditional
techniques for land-use inventory - field inspection and interpretation
of aerial photographs - are impractical in that they are too costly in
terms of dollars and time. In its quest to evaluate new sources and
techniques for obtaining the needed land-use information, OKI estab-
lished and accomplished the following two goals: 1) Produced a 10-
* References and illustrations can be found at the end of the paper.
"1- 3
category land-use map of the OKI regional area showing; grassland,
water, active cropland, two categories of forest land, core city/indus-
trial, inner city, urban, and suburban. The smallest detail mapped
was 0. 44 hectare (1. 1 acres) and the map scale was 1 inch = 5, OCO ft. ,
2) Produced computer tabulation of area covered by 16 land-use cate-
gories for each of 225 drainage areas and nine counties.
OKI achieved its mapping goals within a period of 90 days at a cost of
only $20, 000, a significant improvement over conventional techniques.
OKI REGION
The OKI objectives were achieved through the machine processing of
the 14 April 1973 LANDSAT-1 scene shown in Figure 1. The OKI
region shown in this scene consists of the Ohio Counties of Hamilton,
Clermont, Butler, ,and Warren; the Indiana Counties of Dearborn and
Ohio; and the Kentucky Counties of Boone, Kenton, and Campbell. This
2, 712-sq mi region centered around Cincinnati is expected to increase
its population to over 2, 000, 000 by the year 2000, a 35% growth from
its present figure of aboutl, 600, 000. The area is characterized by its
many low hills and dense forest cover. The Ohio River and its tribu-
taries drain the OKI region. The Ohio, Great Miami, Little Miami
and Licking Rivers can also be seen in the LANDSAT image of the
region. All of the rivers and lakes in the region are highly valued for
recreational use and residential value. Increasingly heavy public use
makes it vital that water quality considerations remain as one of OKI's
highest planning priorities.
MACHINE PROCESSING OF LANDSAT DATA
The need for faster and more economical mapping of water quality and
land use has led Bendix into evaluating computer target "spectral re-
cognition" techniques as a basis for automatic target categorization and
mapping. The categorization techniques (Ref. 2, 3) have been under
continued development at Bendix for the past 10 years, primarily using
aircraft multispectral scanner data. More recently, LANDSAT/MSS
and Skylab/EREP-S192 data have been used. . .
Bendix Data Center
The elements of the Bendix Data Center used to process data for this
study are shown in Figure 2 and include: a Bendix Datagrid ©Digitizer
System 100 for digitizing graphical data, a Bendix Multispectral-Data
Analysis System (M-DAS) for the analysis of LANDSAT "computer-
compatible tapes" (CCTs), and a Cal Comp Plotter for the production
of land-water categorized maps from the .processed LANDSAT tapes.
A Gerber Series 40 Plotting Table is also used for this mapping func-
tion. M-DAS has been discussed (Ref . 4) in detail previously.
The nucleus of the M-DAS is a Digital Equipment Corporation PDP-11/
35 computer with 28K words of core memory, one 1. 5M-word disc
pack, two nine-track 800 bit-per-inch (bpi) tape transports, and a
DECwriter unit. Other units are an Ampex FR-2000 14-track tape re-
corder, a bit synchronizer and tape deskew drawers which can repro-
duce up to 13 tape channels of multispectral data from high-density
tape recordings, a high-speed hard-wired special-purpose computer
for processing multispectral data, a 9 1/2 in. drum recorder for re-
cording imagery on film, and a color moving-window computer- re-
freshed display. M-DAS is the result of an evolutionary program
initiated by Bendix in 1967 and is dedicated to the processing of remote
sensing data.
Processing Steps
The data processing steps used and the results achieved in transform-
ing LANDSAT CCTs into the desired land-use maps and data are brief-
ly summarized in the following paragraphs.
Establish Map Categories
t
The first step in the development of the OKI land-use map was to locate
and designate to the computer a number of LANDSAT picture elements
or "pixels" that best typified the land-water categories of interest, the
"training areas. " These areas of known characteristics were estab-
lished from aerial photographs and ground survey data, and were lo-
cated on the LANDSAT CCTs by viewing the taped data on the M-DAS
TV monitor. The coordinates of the training areas were designated to
the computer by placing a cursor over the desired area and assigning
a training area designation, category code, and color code. Several
training areas, typically 20 to 50 pixels in size, were picked for each
category, with each pixel corresponding to a ground coverage of 57 x
79 m. The color code was used in later playback of the tapes when
the computer-categorized data are displayed in the designated colors.
Develop Processing Coefficients
The LANDSAT spectral measurements within the training area bound-
aries were edited by the computer from the CCT and processed to
obtain a numerical descriptor (computer-processing coefficients) to
represent the spectral characteristics of each target category. The
descriptors (Ref. 2) included the mean signal and standard deviation
for each LANDSAT band and the covariance matrix taken about the
mean. The descriptors were then used to generate a set of processing
coefficients for each category. In multivariate categorized processing
the coefficients are used by the computer to form a linear combination
of the LANDSAT measurements for each pixel. The variable produced
has an amplitude which is associated with the probability that the un-
1-
.known pixel measurements belong to the particular target category
sought. In categorical processing, the probability of a LANDSAT pixel
arising from each one of the different target categories of interest is
computed for each pixel and a decision, based on these computations,
is reached. If all the probabilities are below a threshold level speci-
fied by the operator, the computer will decide that the category viewed
is unknown (uncategorized).
Evaluate Selection of Training Areas and Processing Coefficients
Before producing categorized data for the entire OKI region, a number
of tests were applied to evaluate the computer's ability to perform the
desired interpretation. The tests included generating categorization-
accuracy tables and viewing the processed imagery on the M-DAS TV
monitor. Selection of training areas, generation of accuracy tables,
and evaluation of processing results through use of computer printouts
and the TV monitor were iterative operations. The land-use categories
listed below in order of their potential for discharging natural and
human sources of nutrients, resulted from the LAMDSAT processing
and subsequent manual interpretation.
. Core City/Industrial - Most dense industrial and commercial
area, asphalt, concrete, gravel, etc. , 0% vegetation.
Inner City - Second-most dense industrial and commercial
area, almost no vegetation cover.
Medium Density Urban - Older residential areas - 10% to
50% vegetation.
Low Density Urban - New Suburban - New residential areas
of varying density characterized by an almost total lack of
trees but with large green lawn and low bush areas.
Cropland - Active cropland limited to row crops such as
corn, oats, tobacco and vegetables.
. Grasslands - Included are tended grass areas such as golf
courses and cemeteries, untended pasture land and crops
such as wheat and alfalfa.
. Forestland 1 - Most dense forest area (probably 25% or more
canopy).
Forestland 2 - Sparse forest and brushland.
Surface Water - Various categories of depth and sediment
concentration were combined.
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. Uncategorized areas which did not pertain to desired categories
or for which sufficient ground truth did not exist for identifica-
tion.
Evaluation of processed results showed that some urban categories be-
came confused with non-urban categories; i. e. , older residential with
forestland, new residential with grassland, core city with sand bars
and beaches. However, the errors occur at random spots as "speckles"
and, when viewed in context on a map grid, were corrected by manual
interpretation. This points up the additional need to transfer LAND-
SAT categorized data to a base map where contextual information can
also be used in interpretation.
Generate Categorized LANDSAT Tapes
When satisfied with the categorization accuracy achieved on the land -
water categories, the processing coefficients were placed into the
computer disk file and used to process that portion of the LANDSAT
CCTa covering the OKI region. This step in the categorization pro-
cessing resulted in new or categorized CCTs, where each LANDSAT
pixel was represented by a code designating one of the 16 land-water
categories. These 16 categories were merged into the primary cate-
gories noted previously and mapped at a scale of 1 in. = 5, 000 ft for
the OKI region. Computer tabulations were also extracted from the
categorized tapes to obtain a quantitative measure of land use within
the drainage areas.
Produce Categorized Map Overlays
To produce categorized data that will directly relate to a base map,
the categorized CCTs were submitted to a second stage of processing.
In this stage, new tapes were generated that had data corrected for
earth rotation and a format compatible with a computer-driven Cal-
Comp Plotter. These tapes, when played back by the computer, caused
overlays of a specified land-water category to be drawn by the plotter
on mylar at a. scale specified by the computer. Examples of these
mylar drawings over a map of drainage areas near Cincinnati are
shown in Figure 3. The examples show core city/industrial and forest-
land categories at the original scale of 1:120,000. The overlays were
photographically enlarged to the final map scale of 1 in. = 5, 000 ft. A
diazochrome material was exposed through the black and clear category
transparencies by a lithographic plate burner and ammonia developed
to produce color-coded overlays. The color coding permitted multiple
overlays to be used simultaneously over the base map.
A ten category color coded land-use map was developed for a 3, 100 sq.
mi. area including the OKI Region and vicinity, at the full LANDSAT
resolution (0 .44 hectare or 1. I acre pixels) and at a scale of 1 in. =
5, 000 ft. The coat for this map was approximately $2. 20 per sq. mi.
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Area Measurement Tables
Computer-generated area measurement tables were produced from
the categorized data tapes to determine land use within the drainage
areas. To accomplish this step, a procedure was developed by which
the drainage area boundaries in earth coordinates (latitude and longi-
tude) are first digitized from watershed maps. The resulting digital
tape is processed on M-DAS to transform the earth coordinates to
LANDSAT coordinates and to extract and tabulate land use from the
categorized tape. The area measurement table provides the amount
of land that falls within a particular category in terms of square kilo-
meters, acres, and percentage of the total drainage area processed.
Figure 4 illustrates two area tabulations of the urban watersheds in
Cincinnati. The categories are listed in order of urban density where
an additional High Density Urban category has been added. This cate-
gory was randomly confused with plowed fields (cropland) in the initial
machine processing but was corrected by manual interpretation of base
map overlays.
The tabulated data provided a useful input to OKI's water quality model
where each category is assigned a "loading function" or pollution equi-
valent (Ref. 5). Eventually, by multiplying the extent of land use
acreage in an area by these loading functions, the water quality model
will calculate the extent of pollution emanating from these non-point
sources.
CONCLUSION
Computer processing of LANDSAT data provides a rapid and economi-
cal means of mapping land use in watersheds of lakes and rivers.
Although additional improvements can and are being made in process-
ing techniques to increase mapping rates and accuracy and to reduce
cost, OKI has demonstrated the techniques' and utility of LANDSAT for
mapping watershed land use on an operational basis.
As there is still some confusion between some urban and non-ujban
categories as indicated by random misclassification, additional pro-
cessing refinements are needed to improve separability of these cate-
gories.
Machine-assisted interpretation of LANDSAT tapes was found to be
very fast. The analysis phase required about one day per LANDSAT
scene. Once the analysis was completed and the processing coefficients
were computed, the categorized tape was produced for a'full LANDSAT
CCT (2, 500 square nautical miles) in less than 30 minutes. Boundaries
of water drainage areas were manually digitized from maps of the OKI
area at a rate of about six per hour. The computer extracted and
tabulated land use within these areas at a rate of one every 3 minutes.
The major time-consuming step in the production of the LANDSAT pro-
ducts was the generation of the map overlays for the region, which re-
quired about 3 weeks. In the near future, a drum film recorder will
replace the computer controlled plotter permitting this overlay pro-
duction to be accomplished within a day.
The machine-processing techniques permitted the nine county OKI
region to be mapped to 1 -acre detail for $20, 000. With application
of conventional techniques, it is not uncommon for a county to spend
this much or more to map similar categories within a much smaller
area. Additionally, conventional techniques based on manual interpre-
tation of photography and field checks typically require a year to ob-
tain a mapping product similar to that obtained by OKI within 90 days.
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Figure 1. LANDSAT Band 5 Image (E- 1Z&5- 15485)
of 14 April 1973 Showing the Ohio-Kentucky-
Indiana Regional Council of Government Area.
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Datagrid Digitizer
Develop Earth to LANDSAT
Coordinate Transformation
• Digitize Ground Control Points
• Designate Location of
Training Areas
• Digitize Boundaries of Areas
for which Area Printout
Tables Are Required; Watersheds,
Counties, Townships, etc.
Multispectral-Data Analysis System (M-DAS)
Produce LANDSAT Categorized Tapes
• Define Land-Water Categories and Locate
Corresponding
Training Areas within LANDSAT Tapes.
• Compute Category Characteristics.
• Evaluate Training Area Selection.
• Transform LANDSAT Tapes into New Set
of Tapes where Each Pixel Is Coded
to Correspond to Interpreted Land-Water
Categories.
Cal Comp Plotter
Generate Data and Map Products from
LANDSAT Categorized Tapes
Produce Transparent Color-
Coded Overlay for Each Category; Typical
Scales of 1:24,000,1:62,500, and 1:250,000.
Generate Color-Coded Imagery Where Color
Is Used as a Code to Designate Categories.
Produce Tabular Computer Printouts
Listing Area Covered by Land-Water
Categories within Specified Political and
Geographic Boundaries in Percent Coverage
per Category. Acres, and Square Kilometers.
Figure 2. Computer Generation of Land-Use Maps
from LANDSAT Data
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Map Showing Watersheds
Around Cincinnati
Core City/Industrial
Category Mapped from
LANDSAT Overlaying
Watershed Map
Forestland Category Mapped
from LANDSAT Overlaying
Watershed Map
Figure 3. Examples of Watershed Land Use Maps
Mapped from LANDSAT
WATERSHED E-50
Category
Core City/Industrial
Inner City
High Density Urban
Medium Density Urban
Low Density Urban
Grassland
Forrestland
Water
Uncategorized
Total
Percent of
Watershed
2.77
4.60
8.95
25.93
3.79
25.46
26.63
0.19
1.7
100.00
Acres
118.5
196.75
383.44
1110.07
162.09
1089.95
1140.26
7.83
72.67
4281.54
Square
Kilometers
0.48
0.80
1.55
4.49
0.66
4.41
4.62
0.03
0.29
17.33
WATERSHED E01
Percent of
Watershed
11.01
11.95
16.3
20.04
0.51
12.01
20.43
6.25
1.51
100.00
Acres
699.8
760.17
1037.29
1274.4
32.42
763.52
1299.0
396.85
96.14
6358.59
Square
Kilometers
2.83
3.08
4.19
5.16
0.13
3.09
5.26
1.61
0.39
25.73
Figure 4. Map of Watersheds Around Cincinnati,
and Example of Tabular Printouts
Produced from LANDSAT Data.
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ABSTRACT
As part of the national effort to deal with water pollution, Section 208
of the Federal Water Pollution Control Act Amendments of 1972 (PL
92-500) provides regional planning agencies with the opportunity and
funding to undertake regional water quality planning. A common re-
quirement of the 208 program is to develop a capability of predicting
water quality in the rivers and lakes resulting from existing and
potential land-use patterns. To achieve this capability, the Triangle
J Council of Governments is developing deterministic models capable
of predicting sediment and nutrient flow into the waterways. An c
essential input to these models is an accurate inventory of land-
cover within the watersheds of the region.
The needed inventory was obtained by Triangle J for its 1, 750 square
mile (1, 120,000 acres) 208 study area through the computer pro-
cessing of LANDSAT computer compatible tapes (CCTs). Ten land
cover categories were interpreted for the study area at a detail of
0.44 hectares (1. 1 acres) and included 3 urban density categories.
4 forest types, agricultural-managed lands, bare soil-construction
sites, and water. The resulting products included color-coded over-
lays for each of the 10 categories for a 1:96,000 scale (1 inch = 8000
feet) base map, a color composite map of the same categories and
scale, and a computer tape containing 54 quadrangles (7. 5 minute)
where each 50 meter grid cell was coded as to the ten land cover
types. This taped data is being aggregated by Triangle J into 4
he eta r (about 10 acres) grid cells and merged with soils and slope
data to compute sediment and nutrient flows in the drainage areas.
The complete 208 inventory was accomplished within a period of 60
days at a cost of less than one cent per acre, a significant improve-
ment in dollars and time over previously reported efforts.
BACKGROUND
It has become increasingly apparent to federal, state, and local
agencies that the control of water pollution by single-step, short-
ranged programs is not an approach that will produce noticeable re-
sults. Regulations which focus primarily on the end of a sewage dis-
charge pipe do not address the many faceted and complex interactions
which, in effect, result in polluted water. Billions of dollars have
been expended solely for expensive treatment facilities without making
an effort to understand overall causes and effects of water pollution
or to look toward less expensive methods for controlling its impacts.
Agriculture, silviculture, mining, construction, urbanization, and
natural processes all contribute in different ways to pollution loads in
lakes and streams. The use of the land, the environmental processes
which are occurring, and the capacities of streams and rivers to with-
stand pollution are interactive forces. Planning for the utilization of
valuable resources must focus on a range of causes, effects, and solu-
tions to have meaningful impact on water quality.
The Federal Water Pollution Control Act Amendments of 1972 initiated
a coordinative approach to the problem of water pollution. Under
provisions of Section 208 of this Act (Ref. 1) federal, state, and area-
wide programs were established with financial backing from the En-
vironmental Protection Agency. This 208 areawide water quality
management planning effort, for the first time enabled sub-state
regional agencies such as Triangle J to plan for improved water
quality while concurrently addressing the land-use, environmental,
managerial, and financial aspects which are directly related to solving
the problem. Such a planning process deals with point sources of
pollution and, perhaps more importantly, with non-point pollution.
These non-point sources include storm-water runoff from agricultural
areas, urban runoff, erosion from construction site, and leachates
from septic tanks.
The Triangle J Council of Governments, in May of 1974, was the first
regional planning agency to be granted EPA funds to conduct a water
quality management program. As part of.this pilot project, Triangle J
spend eight months developing a comprehensive work plan for its
program of study (Ref. 2). This work plan has since provided guid-
ance for other agencies who have become involved in 208 water quality
planning (Ref. 3). Of primary importance in the plan was the develop-
ment and evaluation of relationships between water quality and land
resources and use within the region. To accomplish this goal it was
essential that Triangle J obtain a uniform base map of existing re-
sources and a data base which could be used to relate existing and
future land use to storm-water quality problems, and environmental
impacts.
While many factors influence water quality, a dominating one is the
use of land adjacent to and surrounding the lakes anfi rivers, the
"drainage areas. " During periods of rain or thaw, sediment and
nutrients are washed directly into nearby water bodies. Each land-
use category has its own special characteristic (Re£. 4) which is
important in the calculation of the quantity and qualrtty of storm-water
runoff. For example, urban lawns and streets discfcarge more nu-
trients, especially phosphorus, than do rangeland azad forested land.
Cropland is often tilled in the spring when rainfall is frequent and
absorbs much of the water, but erosion in the form <of sediments,
containing pesticides and fertilizer, are washed into> nearby streams.
This differs from what happens in a center city areaa where virtually
all of the ground is covered by pavement and buildinsgs and little or
none of the water is absorbed into the earth. Instead, the water flows
rapidly into storm sewers, carrying with it dirt froim streets and
buildings. In order to quantify the water quality impacts resulting
from storm-water runoff from various land-uses Tiriangle J estab-
lished six water quality monitoring stations and eleven water quality
sampling stations. The monitoring stations continuously measure
dissolved oxygen, water temperature, conductivity,, and pH and are
placed downstream from major population centers. The sampling
stations are designed to take samples only during sfecorm-water run-
off events and measure biochemical oxygen demand,, chemical oxygen
demand, total organic carbon, total and suspended solids, and levels
of nitrogen and phosphorus compounds. These sampling stations are
located in such a manner that they measure storm-vwater quality from
a specified land-use category in particular drainage -areas. Land-use
categories being monitored are: single family residential, multi-
family residential, central business .district, comrmercial, developed
rural, and undeveloped rural. The remaining sampling stations
sample large drainage areas with several land-use categories.
Water quality data from the monitoring and sampling stations are being
used to develop pollution coefficients (Ref. 4) for particular land-use
categories. Triangle J's approach requires a land-uise and topogra-
phic map to delineate drainage areas throughout the: region based on
relatively homogeneous land-use. The pollution coefficients for the
dominant land-use category along with other pertinesnt data (soils,
slope, rainfall data, etc) is then used by the 'Storm.-water Manage-
ment Model1 (Ref. 5) to estimate sediment and nutriuent flow from the
area.
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The inventory of present land-use together with population projections
was also required by Triangle J to form a basis for developing maps of
anticipated land-use patterns. This analysis will use a 'Residential
Allocation Model1 (Ref. 6). By programming various constraints such
as urban density, soil suitability, slope, and critical environmental
areas, projected population will be allocated to undeveloped and de-
veloped areas in a series of alternative land use patterns. Anticipated
storm-water runoff problems can be assessed for each drainage area
and projected land-use category by applying the associated pollution
coefficient. This analysis together with other detailed work with point
sources will aid Triangle J in identifying critical areas where alterna-
tives will have to be developed to minimize any deleterious impact on
water quality. This may involve redirecting growth to other areas
where the impact may not be as severe, or changing the character
of the growth to minimize any harmful impact on water quality. The
water quality plan will, in effect, contain a significant land-use
planning element. The 208 water quality planning program will pro-
vide a rational basis for determining land use policy, especially as
the policies may relate to water quality.
The land use inventory, as noted, is essential in the Triangle J 208
work plan. To accomplish the 208 effort Triangle J was faced with
the requirement of having to inventory its relatively large study
area, 1,750 square miles, within a short period of time; less than three
months, with only a modest sum of money, under ten thousand
dollars. Other 208 regions are most likely faced with this same
dilemma.
The region had orthophoto 7. 5 minute quadrangle maps prepared for
the area in 1973 by the U.S. Geological Survey. The 208 area was
included in parts of 40 to 50 of these quadrangles. The effort re-
quired to manually transform the land-use data from the quads into a
uniform set of map overlays and into digitally coded tapes (for merging
with other data) was determined to be too time consuming and expensive.
For these reasons, Triangle J decided that the traditional techniques
for land-use inventory - based on interpretation of aerial photographs
or orthophoto quads and field inspections - were impractical on a
regional level. To obtain the needed inventory Triangle J turned to
LANDSAT data and computer assisted interpretation techniques.
TRIANGLE J 208 STUDY AREA
The Triangle J region is located in the eastern portion of the North
Carolina Piedmont physiographic province. The designated 208 area
is the central core of the region encompassing three counties (Orange,
Durham, and Wake) and portions of two others (Chatham and Johnston)
in the six-county region. .The 208 area shown in the LANDSAT image
of Figure 1 covers 1,750 square miles (over 1,120,000 acres). Three
major population centers (Raleigh, Durham, and Chapel Hill) and four-
teen other municipalities provide a variety of employment and resi-
dential opportunities within this area. The 208 area is within the
watersheds of the Neuse and Cape Fear Rivers but because many of
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area's 5,000 miles of streams are headwater streams, water is not
abundant and the small amount that is available is highly valued.
Presently, there are only a few medium sized water supply reservoirs
and numerous ponds. Two major reservoirs with a total surface area
exceeding 74,000 acres are proposed for the area. Population in the
208 area increased 37% from 1950 to its 1970 level of 428, 000. Con-
servative estimates indicate an anticipated population in the 208 area '
beyond 761, 000 by the year 2000.
COMPUTER ASSISTED INTERPRETATION
To prepare for the LANDSAT data processing effort the 208 staff evalu-
ated LANDSAT Band 5 images acquired October 25, 1973, February 10,
1974, February 14, 1975 in order to select the scene with least cloud
cover, best resolution, and best coverage of the study area. These
images were at a scale of 1:250, 000 (1" = 3.9 miles). The selected
image, that of October 25, 1973 shown in Figure 1, was ordered in
the 9 track computer compatible tape (CCT) form. In addition to being
the best scene, the date closely corresponded to that on the orthophoto
7. 5 minute quadrangle maps acquired on the area in February 1973.
Bend be Data Center
The elements of the Bendix Data Center used to process the LANDSAT
CCTs are shown in Figure 2 and include: a Bendix Datagrid ^*Digi-
tizerSystem 100 for digitizing geographical or map data, a BendixMulti-
spectralData Analysis System (M-DAS) for the analysis of LANDSAT com-
puter-compatible tapes (CCTs), and an Optronics P-1500 model 30D
film recorder for the production of land cover overlays and images
from the LANDSAT tapes. A Cal Comp Plotter and a Gerber Series
40 Plotting Table can also be used for producing the overlays (Ref.
7). The nucleus of the M-DAS is a Digital Equipment Corporation
PDP-11/35 computer with 28K words of core memory, one 1. 5M-
word disc pack, two nine-track 800 or 1600 bpi tape transports,
and a DECwriter unit. Other units are an Ampex FR-2000 14-track
tape recorder, a bit synchronizer and tape deskew drawers which can
reproduce up to 13 tape channels of multispectral data from high-
density tape recordings, a high-speed hard-wired special-purpose
computer for processing multispectral data, a 9 1/2 in. drum re-
corder for recording imagery on film, and a color moving-window
computer-refreshed display. M-DAS is the result of an evolutionary
program initiated by Bendix in 1967 and is dedicated to the pro-
cessing of remote sensing data.
Processing Steps
The data processing steps used and the results achieved in trans-
forming LANDSAT CCTs into the desired land-use maps and data are
briefly summarized in the following paragraphs.
Establish Map Categories
The first step in the development of the Triangle J land-use map was
to locate and designate to the computer a number of LANDSAT picture
elements or "pixels" that best typified each land-water category
which was to be mapped, the "training areas. " These areas of known
characteristics were established by the Triangle J staff using the
orthophoto quadrangle maps and their personal knowledge of the area.
These training areas, about 16 hectares (40 acres) or more in size,
were located on the LANDSAT CCTs by viewing the CCT data on the
M-DAS TV monitor. The coordinates of the training areas were
designated to the computer by placing a cursor over the desired area
and assigning a training area designation, category code, color code
and name. Several training areas, typically 20 to 50 pixels in size, were
picked for each category, with each pixel corresponding to a ground
coverage of 57 x 79 m. The color code was used in later playback of
the tapes when the computer-categorized data are displayed in the
designated colors.
Develop Processing Coefficients
The LANDSAT spectral measurements within the training area bound-
aries were edited by the computer from the CCT and processed to
obtain a numerical descriptor (computer-processing coefficients) to
represent the spectral characteristics of each land cover category.
The descriptors (Ref. 8) included the mean signal and standard devi-
ation for each of the four LANDSAT bands and the covariance matrix
taken about the mean. The descriptors were then used to generate
a set of processing coefficients for each category. In multivariate
categorical processing (Ref. 8) the coefficients are used by the com-
puter to form a linear combination of the LANDSAT measurements for
each pixel. The variable produced has an amplitude which is associated
with the probability that the unknown pixel measurements belong to
each of the particular land cover categories sought. In categorical
processing, the probability of a LANDSAT pixel arising from each one
of the different land cover categories of interest is computed for each
pixel and a decision, based on these computations, is reached. If
all the probabilities are below a threshold level specified by the oper-
ator, the computer will decide that the category viewed is unknown, or
"uncategorized".
Evaluate Selection of Training Areas and Processing Coefficients
Before producing categorized data for the entire 208 study area, a
number of tests were applied to evaluate the computer's ability to
perform the desired interpretation. The tests included generating
categorization-accuracy tables and viewing the processed imagery
on the M-DAS TV monitor. Selection of training areas, generation
of accuracy tables, and evaluation of processing results through use
of computer printouts and the TV monitor were iterative operations.
The land cover categories listed below, approximately in order of
their potential for discharging sediment and nutrients, resulted
from the LANDSAT categorical processing..
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Urban-High Density Developed - Developed areas with high concen-
trations of impermeable surface and no vegetation, such as central
business district and high density industrial, commercial, and
residential areas.
Urban-Medium Density Developed - Developed area« with medium
concentrations of impermeable surface and limited vegetation in-
cludes low density commercial and low density single and multi-
family residential areas.
Urban-Rural and Low Density Developed - Developed areas with
very low concentrations of impermeable cover and 30% to 40%
vegetation, including single family residential and rural develop-
ment.
Agricultural-Managed Lands - Active cropland, tended pasture
land, and managed areas with grass type cover sudh as golf
courses and major highway interchanges.
Bare Soil-Construction Areas - Areas with bare sail exposed such
as plowed or working agricultural fields and areas undergoing con-
struction. Would also include sand and gravel pits, bedrock
quarries, and extractive sites.
Upland Hardwoods - Forests dominated by oaks anal hickories found
in areas which have been relatively undisturbed fbar over 100 years.
Pine Forest - Forests dominated by pine trees fooand in areas
which have been cleared for use within the last 60 (to 80 years.
Mixed Forest - Forests with varying mixes of deciduous and ever-
green trees in areas in successional transition fronn pine to hard-
wood.
Bottomland Hardwood - Forests dominated by hardwoods including
sycamore, birch, maple, and oak located in low-lying areas which
are subject to periodic flooding.
Lakes and Ponds (Water) - Various categories of d-epth and sediment
concentration were combined.
Uncategorized - Small areas which were not represented in the above
ten categories. Less than 1.0% of the study area.
Generate Categorized LANDSAT Tapes
When satisfied with the categorization accuracy achieved on the land-
water categories, the processing coefficients were placed into the com-
puter disk file and used to process that portion of the LANDSAT CCTs
covering the 208 study area. This step in the categorization processing
resulted in new or 'categorized' CCTs, where each LANDSAT pixel
was represented by a code designating one of the 11 land-water cate-
gories.
Geometric Processing
LANDSAT data in addition to categorical processing was submitted to
geometrical processing in order to produce map overlays and coded
taped data that were geometrically corrected and corresponded to a
specified geographical area and scale. Geometrical processing in-
cluded (1) establishing an earth to LANDSAT coordinate transforma-
tion, (2) developing a LANDSAT data file of a specified area, (3) ro-
tating the orientation of the LANDSAT data to north-south, (4) re-
moving the skew in the LANDSAT data due to earth's rotation, and
(5) resampling the LANDSAT pixel to a desired cell size. Geometrical
processing could have been accomplished before or after the categorical
processing. For the Triangle J area the data was corrected after cate-
gorization.
The earth (latitude; longitude) to LANDSAT (pixel number) coordinate
transformation was needed to locate the desired 208 area within the
LANDSAT categorized CCT, and to establish the location and direction
of the line used to scan the CCT data from west to east. The first step
in developing the transformation was to digitize 25 carefully selected
ground control points (GCPs) from the USGS 7. 5 minute quad maps of
the region. The GCPs were digitized using the Bendix Digitizer shown
at the top of Figure 2. The criteria for selecting these GCPs was that
they could be easily and accurately identified on the LANDSAT CCT
data when viewed on the TV monitor. The second step consisted of con-
verting the latitude and longitude of these GCPs to LANDSAT pixel co-
ordinates by using a theoretical transformation derived from known and
assumed spacecraft parameters including: heading, scan rate, alti-
tude, and a knowledge of earth rotation parameters. The LANDSAT
GCP coordinates and transformation matrices thus obtained were ap-
proximate, based on the use of the nominal spacecraft parameters.
This transformation matrix was accurate enough to locate and display
on the TV monitor the area containing the GCP. The exact GCP loca-
tion was designated to the M-DAS computer by using a cursor. Once
the operator had designated each of the GCPs on the M-DAS monitor an
improved set of coefficients for the transformation matrix was com-
puted. After an accurate LANDSAT to earth transformation matrix
was obtained it was used to produce geometrical correct map overlays
and coded tapes for the 208 study area. The error in transforming
from earth coordinate to LANDSAT coordinates was found to be less
than 1.0 pixel (rms).
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Produce Categorized Map Overlays
The LANDSAT to earth transformation matrix and the categorized CCTs
were used by M-DAS to drive a high speed Optronics film recorder
(Type P-1500) to produce a geometrically corrected film negative for
each of the 11 land cover categories. Inputs to the filming program
included; transformation matrix, earth coordinates of corners of
rectangle containing the 208 area, categorized LANDSAT tape, de-
sired film scale, and filming aperture. A film scale of 1:576,000 (one
sixth of the final map scale) was chosen with a film aperture of 50 x 50
microns. The M-DAS filming program located the categorized data
on the study area and corrected it for earth rotation (skew) and scale
to produce the desired film for each land-water category. The run
time for this step was approximately 30 minutes per category (film).
The negatives were photographically enlarged and printed as black and
clear positives on mylar at a scale of 1:96, 000. Examples of the
transparent overlays over a portion of the Triangle J base map near
Durham is shown in Figures 3, 4, and 5. On close observation a
single LANDSAT pixel can be observed at this scale. The black and
clear overlays were color coded by a Cromalin process to produce
color Cromalin overlays, one per category, and to produce a color
composite map of the study area. The color coding permitted multiple
overlays to be used simultaneously over the Triangle J base map.
Produce Rescanned-Resampled Tape
Triangle J Council of Governments is tied into the Triangle Universities
Computation Center and has the capacity to aggregate 50m x 50m land-
use coded taped data into Statewide Planning and Land Use Management
System (PLUM) grid cells (Ref. 9) for direct comparison with soils
and slope data for the 208 area which are already coded on the basis of
4 hectare grid cells. Data aggregations are also possible on an area-
wide, county, municipal, census tract, or watershed basis. To pro-
duce LANDSAT data that can be related directly to the PL.UM cells the
categorized tapes were submitted to a second stage of processing which
produced a rescanned-resampled tape. A data file on this new tape was
established for each of the 54-7. 5 minute quads required to cover the
208 study area. Each quad file was identified on the tape by the quad
name, an ID number, and the earth coordinates of its corners. The
data in each file scanned the quad one line at a time from west to east
(designated as a 'record') progressing a line at a time from the north
to the south end of the quad. A data cell within the file covered a 50m x
50m square, had a north-south grid orientation, and was coded to
designate one of the 11 land cover categories.
Inputs to the M-DAS rescanned-resampled tape program included the
name and ID number for the quads, earth location of corners of quads,
the earth to LANDSAT transformation matrix, and the categorized
tape. The M-DAS program with help from the transformation matrix
located the quads and established the location and direction of the line
used to scan the categorized CCT data from west to east. When the
categorization data was being scanned it was also resampled, using a
nearest neighbor method, to produce the desired 50m x 50m grid cell.
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The original categorized tape was transformed into the new land-
cover map files at a rate of one 7. 5 minute quad file every 2 minutes
for a total run time of about 1. 6 hrs.
FIELD VERIFICATION OF DATA
Field checks and close analysis of LANDSAT map and data products
revealed the following:
1) Within an 80 acre site east of Raleigh which was under develop-
ment in October, 1973, LANDSAT correctly identified areas;
as Urban-High Density Developed where apartments and parking
lots had been constructed, as Agriculture-Managed where con-
struction had been completed and grass was planted, and as Bare
Soil-Construction where land had been cleared for additional
apartments.
2) At the North Carolina State University's Agricultural Research
farm, two acres of Urban-Low Density Developed (three research
buildings and lawn area) were correctly categorized from the sur-
rounding cropland area of 150 acres.
3) Numerous farm ponds and construction sites with exposed soil were
distinguished which were at the limits of LANDSAT resolution,
1.1 acres.
4) Distinctions between forest types were assessed to be particularly
good for Upland Hardwood, Pine Forest, and Mixed Forest.
Bottomland Hardwood, characteristically variable from site to
site, was the least exclusive category, on occasions being classed
as Mixed Forest and as Upland Hardwood. Checks on aerial
photography of sites with known forest cover indicated that separa-
tions for the four forest types were extremely useful for the 208
applications.
5) Distinctions between levels of high, medium and low density urban
development were particularly accurate when checked against
aerial photography. Some areas of known low density, older
residential development with thick tree cover were categorized
as a forest type. Such areas however were easily recognized and
corrected by staff members familiar with the region.
6) The amount of area uncategorized was very small. In the Chapel
Hill 71/2 ' quad area only 1. 5% of the total acreage was uncate-
gorized. For the overall test area 1. 0% or less was uncategorized.
"7) The overall categorization accuracy was estimated by the Triangle J
Staff to be better than 90%.
SUMMARY
The land-cover overlays and maps produced from LANDSAT are pro-
viding information on existing land-use and resources throughout the
208 study area. The overlays are being used to delineate drainage
areas of a predominant land cover type. The information on cover
type is also being combined with other pertinent data (soils, rainfall,
topography, etc) to develop estimates of sediment and nutrients flows
from the drainage area. The LANDSAT inventory of present land-
cover together with population projects is providing a basis for de-
veloping maps of anticipated land-use patterns required to evaluate
impact on water quality which may result from these patterns.
The overlays of forest types have been particularly useful for de-
fining wildlife habitat and vegetational resources in the region. The
extent and distribution of these forest types indicates the general
availability of wildlife habitat, possible existence of rare and en-
dangered species, and locations of unique or natural areas. A know-
ledge of the location and area covered by the four forest types is also
a significant factor in planning potential control of storm-water run-
off, which is significantly less from forested areas.
LANDSAT data and computer assisted interpretation was found to be
a rapid cost-effective procedure for inventorying land-cover on a
regional bais. The entire 208 inventory which include acquisition
of ground truth, LANDSAT tapes, computer processing and pro-
duction of overlays and coded tapes was completed within a period of
2 months at a cost of about 0. 6 cents per acre, a significant im-
provement in time and cost over conventional photo interpretation
and mapping techniques.
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Figure 1. LANDSAT Band 5 Image (E- 1459- 15235) of 25 October
1973 Showing the 1, 750 Square Mile Triangle J 208 Study
Area. Small 8 by 10 mi Area Around Durfeam is Shown
Processed in the Following Figures'3, 4, and 5.
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Datagrid Digitizer
Multi spectral-Data Analysis System (M-DAS)
Figure 2. Computer Generation of Land-Use Maps from LANDSAT
Data. The Datagrid is Used to Digitize Ground Control
Points and Boundaries of Areas for Which Area Tables are
Required. M-DAS Transforms the Datagrid and LANDSAT
Computer Tapes into Area Tables, Categorized Map Over-
lays, Color-Categorized Imagery, and Rescanned-Resampled
Tapes.
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Base Map O r i g i n a l Sc Ue 1:96,000
i
High Density Developed Category over Base Map. (Central Business
District, Commercial, and High Density Residential)
Figure 3. Example of Urban Land Cover as Mapped' from LANDSAT
Categorized Tapes. View of 8 mi by 10 mi Area Centered
on Durham N. C.
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Medium Density Developed Category Over Base Map(Less Dense
Commercial and Residential Areas)
- ' - . -
Low Density Developed Category Over Base Map(Single Family
Residential and Developed Rural)
Figure 4. Additional Urban Land Cover Categories Mapped from
LANDSAT Around Durham N. C.
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Pine Forest
Upland Hardwoods (Oaks and Hickories)
Figure 5. Two of Four Forest Cover Categories Mapped From
LANDSAT Around Durham N. C.
